Hybrid supercapacitors (HSCs) are novel, promising devices having features of both batteries and supercapacitors. Herein, we report HSCs (Li-HSC and Na-HSC in a uniform system) based on an interlayer-expanded MoS 2 /rGO composite that show ultrahigh energy density and power density as well as superior cycle stability. The 3D networkstructured interlayer-expanded MoS 2 /rGO nanocomposite (3D-IEMoS 2 @G) was synthesized and employed as the anode. Because the 3D architecture of the graphene skeleton frame delivered sufficient charges and the highly interlayer-expanded MoS 2 achieved fast ion diffusion, the as-prepared composite exhibited excellent performance as the anode material for both LIBs and SIBs (1600 mAh g −1 at 100 mA g −1 for the LIB; 580 mAh g −1 at 100 mAh g −1 and 320 mAh g −1 at a high current density of 10 A g
Introduction
Energy storage has attracted unprecedented attention in recent years, and high-performance energy storage devices are under great demand 1 . Currently, there are two types of dominating electrical energy storage devices: secondary batteries and supercapacitors. Secondary batteries store energy through a Faradic process, thereby attaining high energy density but weak kinetics performance 2 . Lithium-ion batteries (LIBs), for example, can exhibit an energy density >150 Wh kg −1 but show unpromising power density (<1000 W kg −1 ) and poor cycle stability (~1000 cycles) 3 . In contrast, supercapacitors (electronic double layer capacitors (EDLCs)) store energy through a non-Faradic process (electrostatic charge adsorption), which leads to ultrahigh power density (~10 kW kg −1 ) and cycle stability (more than 10,000 cycles) but also low energy density (5-10 Wh kg −1 ) 4 . However, neither of these can currently meet the great demand for devices with both high energy density and high power density for electric vehicles and electronic devices.
Hybrid supercapacitors (HSCs), which are novel devices with the good features of both batteries and supercapacitors, have recently attracted increasing scientific attention 5, 6 . HSCs are constituted by a battery-type electrode and a supercapacitor-type electrode. Take a lithiumion HSC (Li-HSC) as an example, activated carbons (ACs) are commonly employed as the supercapacitor-type electrode, storing energy by electrostatic charge adsorption 5, 7 , and many LIB anode materials (such as graphite 5 and Li 4 Ti 5 O 12 7 ) have been examined as the battery-type electrode, proceeding an ion intercalation and deintercalation reaction during charge/discharge cycling. The energy density of HSCs is codetermined by the specific capacity and voltage window 6 . In HSCs, the electric potential of the positive electrode (supercapacitor-type) is restricted by decomposition of the electrolyte; therefore, a high energy density can be obtained by employing a battery-type anode material with both high capacity and low potential. For instance, Li-HSCs paired with AC and a low-potential anode (graphite 5 , Fe 3 O 4 8 , SnO 2 9 , hard carbon 10 , etc.) have achieved a high voltage window of over 4 V and high energy density of over 100 Wh kg −1 . However, the power performance was restricted by the ion diffusion limitations of the battery-type electrode. Hence, anode materials with high capacity, low potential and, more importantly, effective architecture facilitating rapid ion and electron transport are key factors in fabricating highperformance HSCs with beneficial electrochemical properties.
Two-dimensional materials have been widely studied in the field of energy storage due to their fascinating and unique properties 11 . For instance, graphene, due to its excellent electronic conductivity and high specific surface area (SSA), has been applied on its own as an EDLC electrode material and as a skeleton in composite electrode materials 12 . Transition metal dichalcogenides (TMDs), such as MoS 2 3 , WS 2 13 , and SnS 2 14 , have been reported as host electrode materials for rechargeable batteries owing to their layered structure, which allows the intercalation of foreign atoms or alkali metals. Typically, when used as anode for LIBs or SIBs, MoS 2 exhibits a high capacity and low potential, demonstrating its potential as a HSC battery-type electrode. However, to the best of our knowledge, few studies have reported TMDbased Li-HSCs or sodium-ion HSCs (Na-HSCs), probably because of their unpromising ion and electron transport properties. Therefore, to construct a HSC with ideal performance, the modification of MoS 2 materials is essential. Expanding the interlayer spacing, which decreases the ion diffusion pathways and increases the active area, is an effective method to enhance the power performance of the host electrode 15 . On the other hand, combination with carbon materials is a promising method to construct effective paths for ion diffusion and electron transport 16, 17 . For example, Chen's group reported layered MoS 2 /graphene composites synthesized through a facile process with the assistance of L-cysteine, which showed excellent electrochemical performance as anode materials for LIBs 18 . Piao's group reported a scalable strategy for synthesizing few-layer MoS 2 incorporated into hierarchical porous carbon nanosheet composites, which exhibited excellent electrochemical performance as anode materials for both LIBs and SIBs 19 . Meanwhile, introducing a heterostructure between layered 2D MoS 2 and graphene could introduce synergistic effects that are of great benefit to enhancing the overall performance of the composite material 20 . Recently, with the rapid increase in the scale of energy storage, sodium-based energy storage systems have gained increasing attention due to the abundance and low cost of sodium 2 . Nevertheless, there are still many challenges to overcome before SIBs can be commercialized. For example, the radius of Na + is much larger than that of Li + ; therefore, it is difficult to find suitable host materials for reversible SIBs 21 . Namely, there is currently a distinct gap in the overall electrochemical performance of sodium-based and lithium-based energy storage devices 22 . In a HSC, the disadvantage of Na + versus Li + exists in only one electrode. Hence, the gap between Na-HSCs and Li-HSCs is narrower than that in battery systems, and NaHSCs are a feasible approach to achieving an energy storage device with good performance at low cost 23 . In this work, we successfully synthesized a well-structured 3D interlayer-expanded MoS 2 /rGO nanocomposite (3D-IEMoS 2 @G). Because the 3D architecture of the graphene skeleton frame delivered sufficient charges and the highly interlayer-expanded MoS 2 achieved fast ion diffusion, the as-prepared well-structured composite exhibited excellent performance as anode materials for both LIBs and SIBs (1600 mAh g −1 at 100 mA g −1 for LIBs; 580 mAh g −1 at 100 mAh g −1 and 320 mAh g −1 at a high current density of 10 A g
−1
). When paired with nitrogen-doped hierarchically porous 3D graphene (N-3DG), the fabricated HSCs (Li-HSC and Na-HSC) showed ultrahigh energy density, power density and superior cycle stability. In particular, the obtained Na-HSC showed 140 Wh kg −1 at 630 W kg (charge finished within 1.5 s) and no distinct capacity attenuation after over 10,000 cycles. Moreover, a quantitative kinetic analysis was performed to understand the synergistic effect of the two electrodes and the resulting effect of ions in the HSCs, as well as to determine a general path for fabricating high-performance HSCs.
Materials and methods

Synthesis of 3D-IEMoS 2 @G
A well-structured 3D interlayer-expanded MoS 2 /graphene (3D-IEMoS 2 @G) nanocomposite was prepared by a one-step in situ solvothermal process. In brief, graphite oxide (Institute of Coal Chemistry, Chinese Academy of Sciences) was dispersed in dimethyl formamide (DMF) at 4 mg ml −1 with ultrasonic treatment for 2 h. Then, 200 mg ammonium tetrathiomolybdate (ATTM) was dissolved in 10 ml DMF and stirred for several minutes. The solution was mixed with 15 ml fresh GO DMF dispersion with further ultrasonic processing for 0.5 h and then transferred into a 60 ml Teflon-lined autoclave. The tightly sealed autoclave was heated to 190 ℃ at a rate of 5 ℃ min −1 in an oven and maintained for 18 h. After the autoclave cooled to room temperature naturally, the fragile sponge-like 3D-MoS 2 @G was carefully transferred into a beaker containing deionized (DI) water. The DI water steeped in the sample was then exchanged several times in the following two days with DMF and then with DI water. Lastly, the sponge-like 3D-MoS 2 @G swollen with water was vacuum freeze dried for 24 h. For comparison, pure solvothermal MoS 2 (S-MoS 2 ) and graphene (S-G) were prepared by the same process through a solvothermal reaction of ATTM or GO dispersion. Annealed 3D-IEMoS 2 @G samples were prepared by annealing 3D-IEMoS 2 @G in Ar atmosphere at 800 ℃ for 1 h.
Synthesis of nitrogen-doped 3D graphene
N-3DG was prepared as follows: 60 ml 2 mg ml −1 GO aqueous dispersion was placed in a 100 ml Teflon-lined autoclave. The autoclave was heated at 120 ℃ in an oven and maintained for 12 h. The obtained sponge-like 3D graphene was vacuum freeze dried and then heated to 750 ℃ at a rate of 5 ℃ min −1 in a tube furnace under Ar atmosphere and held for 0.5 h under ammonia atmosphere for further activation and nitrogen doping. For comparison, 3D graphene (3DG) without nitrogen doping was prepared by the same process, except it was heated at 750 ℃ for 0.5 h under Ar instead of ammonia.
Characterization methods
Scanning electron microscopy (SEM, LEO1530) and transmission electron microscopy (TEM, Tecnai G20, 200 kV) were used to characterize the samples. N 2 sorption isotherms were measured using a volume adsorption apparatus at 77 K. The total pore volume was estimated from the single-point adsorption (P/P 0 = 0.995), the SSA was calculated by the BrunauerEmmett-Teller (BET) method, the micropore surface area and micropore volume were determined by the tplot method, and the pore size distribution (PSD) was derived from density functional theory (DFT). X-ray photoelectron spectroscopy (XPS, PHI Quantera Imaging) was used to investigate the surface chemistry. The material phases were examined by X-ray diffraction (XRD, Bruker D8 ADVANCED) operating at an acceleration voltage of 40 kV. The structure was determined by Raman spectroscopy (Renishaw, InVia-Reflex) using a 532 nm laser.
Fabrication of the cells
The electrode materials were mixed with 10% PVDF, 10% carbon black (Super P) and excess NMP solvent to obtain a homogeneous slurry. Then, the slurry was coated on aluminum foil to prepare the cathode materials and on copper foil to prepare the anode materials. The foils were dried at 80°C for 4 h and then at 120°C in vacuum for 12 h. The electrodes were punched into disks with a diameter of 12 mm for electrochemical tests. The mass loading of the cathode electrodes was controlled at 4 mg for the symmetric supercapacitors and HSC. The mass loading of the anode electrodes was fixed at~2 mg in half cells and adjusted individually in HSCs to fulfill the given mass ratio of two electrodes. LIB and SIB half cells were assembled using a lithium/sodium metal electrode and an active material. Symmetric supercapacitors were assembled by two porous electrodes with equal masses of active material. HSCs were assembled by coupling N-3DG and 3D-IEMoS 2 @G. All devices were fabricated into 2032 coin cells, and the electrolyte used in the half cells and HSCs was 1 M LiPF 6 and NaClO 4 in EC/DMC (1:1 by volume), respectively.
Electrochemical measurements
A LAND battery tester (Jinnuo Electronics Co., Wuhan, China) was used to perform the GC tests of the LIB and SIB half cells. The voltage windows were 0.01-3 V vs. Li/ Li + and Na/Na + , respectively. An Arbin-BT2000 test station was used to test the GC measurements of the symmetric supercapacitors and hybrid devices. The voltage window for the symmetric supercapacitors was 0-2.7 V, while the voltage window for the hybrid devices was 1-4.3 V. CV tests were performed using a VSP-300 electrochemical analyzer. Electrochemical impedance spectroscopy (EIS) was performed at an AC amplitude of 10 mV in the range of 100 kHz to 10 mHz.
Results and discussion
Characterization of 3D interlayer-expanded MoS 2 /rGO nanocomposite as anode materials for both LIBs and SIBs
The 3D interlayer-expanded MoS 2 /rGO nanocomposite (3D-IEMoS 2 @G) was prepared by the simple solvothermal method shown in Scheme 1. The X-ray diffraction (XRD) pattern of the as-prepared 3D-IEMoS 2 @G is presented in Fig. 1a , which is obviously different from that of pristine 2H-MoS 2 (JCPDS Card No. 77-1716, Fig. S1 in ESM). Calculated from the distinct peak at low angle corresponding to (002), the d spacing on the c axis of the obtained sample is 9.4 Å, which is much larger than that of bulk 2H-MoS 2 (6.15 Å). This phenomenon was observed by Yugang Sun 24 et al. and ascribed to the intercalation of oxidized DMF species into the two S-Mo-S layers, and the peak at 2θ ≈ 32.7°was reasonably explained by the stacking faults of the MoS 2 layer. Moreover, the XRD pattern of 3D-IEMoS 2 @G closely agreed with the result calculated using an interlayer spacing of 9.4 Å 24 , suggesting the interlayer-expanded structure of MoS 2 . When used as the anode material for Li/Na-ion batteries, such large interlayer spacing may ) and out-of-plane (A 1g ) Mo-S mode in layered MoS 2 , respectively 24, 25 . The characteristic G and 2D peaks of graphene were observed at 1581 cm −1 and 2673 cm −1 , indicating the presence of graphene 25 . Meanwhile, a distinct D band was observed at 1344 cm −1 , and the D/G intensity ratio was~1.6, suggesting the partial reduction of graphene oxide during the solvothermal reaction process. Furthermore, XPS measurements were also performed to examine the chemical surface properties of the as-prepared 3D-IEMoS 2 @G, as shown in Fig. 1c, d . As we can see, both Mo and S can be fit perfectly to a single oxidation state in the highresolution spectra, confirming the Mo 4+ and S 2− valence states 26 . The integral peak area of the two elements is Mo: S ≈ 1:2.06, corresponding to the stoichiometric ratio of MoS 2 .
The morphology of the as-prepared sample is shown in Fig. 2. In Fig. 2a, b , a curved, thin, flaky morphology composed of parallelly grown MoS 2 sheets on rGO was observed by SEM, and no nanoparticles were formed, which suggests that the rGO sheets stabilize the MoS 2 sheets, forming a uniform 3D structure consisting of nanosheets rather than aggregating into particles 20 . In the TEM images in Fig. 2c, d , we can see a layered structure composite, and in the selected-area diffraction (SEAD) patterns inset in Fig. 2c , diffraction rings and diffraction spots corresponding to crystalline MoS 2 and rGO, respectively, were observed. In Fig. 2d , we can see the collected patterns observed in the HRTEM images are highly consistent with the XRD results, confirming the interlayer-expanded structure along the c axis. Energy spectrum analysis (TEM-EDS) was also performed, and the results are shown in Fig. S3 . The distribution of Mo, S, and C was highly consistent with the corresponding image shape, implying the homogeneity of the composite.
The electrochemical performance of the as-prepared 3D-IEMoS 2 @G as the anode material for a LIB and SIB is depicted in Fig. 3 . From the cyclic voltammetry (CV) results shown in Fig. 3a , b, two series of similar-shaped curves in the initial 1st, 2nd, and 5th cycles appear in the scans of both the LIB and SIB. In the first cathodic sweep, two peaks (0.7 V and 0.3 V for the LIB; 1.1 V and 0.25 V for the SIB) were found, corresponding to the formation of Li x MoS 2 /Na x MoS 2 and the reversible conversion reaction (MoS 2 decomposed into Mo and Li 2 S/Na 2 S), respectively 11 . The broad peak near 0 V was ascribed to electrolyte decomposition, which formed a solid electrolyte interphase (SEI) layer, and the inevitable ion intercalation of rGO 18 . In the subsequent 2nd and 5th cathodic sweeps, two peaks at 1.5 V and 0.4 V were found in the LIB scan, corresponding to the formation of Li x MoS 2 and the reversible conversion reaction:
Nevertheless, three peaks appeared at 1.5 V, 0.8 V, and 0.2 V in the SIB scan, which may be due to the two-step reaction mechanism 27 of Na x MoS 2 and the following conversion reaction. The two peaks observed during the anodic sweep of both the LIB and SIB are associated with the ion extraction process and the oxidation of Mo to MoS 2 19 . The area of the CV curve of the LIB is clearly much larger than that of the SIB, suggesting the higher specific capacity of 3D-IEMoS 2 @G in the LIB than in the SIB, which was confirmed by the galvanostatic discharge/ charge (GDC) results displayed in Fig. 3c, d . Several potential plateaus that were highly consistent with the peaks in Fig. 3a, b were found in the GDC curves. Although the conversion reaction formulas of MoS 2 with Li + or Na + are the same, the reversible specific capacity revealed a significant difference between 3D-IEMoS 2 @G in the LIB (1210 mAh g −1 ) and in the SIB (585 mAh g −1 ). This difference may be codetermined by the more complex micropore intercalation reactions of lithium ions and the redox potential of alkali metals (Li: -3.0401 V vs. SHE; Na: -2.71 V vs. SHE), which result in the conversion depth difference between Li + and Na + . Namely, in the following reaction equation, the x value is larger for a LIB:
The deeper conversion level leads to the high specific capacity of the 3D-IEMoS 2 @G-based LIB but results in decreased rate performance, as shown in Fig. 3e, f . Both the 3D-IEMoS 2 @G-based LIB and SIB exhibit superior rate performance due to the optimized 3D graphene electron conductive network and the expanded layered structure, which allow rapid ion transfer. For comparison, the electrochemical performances of the LIB and SIB based on annealed 3D-IEMoS 2 @G with a pristine interlayer spacing were also tested, and the results are shown in Fig. S4 . We can see an obvious performance decline in both the LIB and SIB after annealing treatment, indicating the significance of the interlayer-expanded structure in the activation of active sites and extension of the diffusion pathway. Specifically, in Fig. 3e , the 3D-IEMoS 2 @G-based LIB exhibits high specific capacity at current densities below 2 A g −1 , and when the current continued to increase to 5 A g −1 and 10 A g , the capacity of the LIB decreased sharply, which was possibly associated with the micropore intercalation reaction and deeper conversion level and thereby structural collapse as well as mobility decline in the low-potential range. While the 3D-IEMoS 2 @G-based SIB demonstrated ultrahigh rate performance, even at a high current density of 10 Ag −1 , it still maintained a considerable specific capacity of 315 mAh g −1 , with a retention of over 53% with an over 100-fold increase in current density. To preliminarily verify our assumption, another rate performance measurement of the 3D-IEMoS 2 @G-based LIB was performed in the voltage range of 0.3-3 V, avoiding the low-potential range, and the results are shown in Fig. S5 . As shown in Fig. S5 , the 3D-IEMoS 2 @G-based LIB over the partial voltage range (LIB-P) exhibited a lower specific capacity but better rate performance, which closely resembled the results of the SIB. Moreover, the LIB discharge rate performances of 3D-IEMoS 2 @G, IEMoS 2 synthesized by a simple solvothermal reaction of ATTM in DMF, and a 3D graphene framework (3DGF) prepared by the solvothermal reaction of GO in DMF are displayed in Fig. S6 . Both IEMoS 2 and 3DGF exhibited large performance gaps with 3D-IEMoS 2 @G, indicating the synergy between IEMoS 2 and 3DGF.
Characterization of nitrogen-doped 3D graphene as a supercapacitor electrode material
Nitrogen-doped 3D graphene (N-3DG) was prepared by hydrothermal synthesis of GO and subsequent ammonia activation treatment, as shown in Scheme 1. The morphology of N-3DG is shown in Fig. S7 . As the SEM images in Fig. S7a and b show, N-3DG exhibits a 3D structure built of graphene nanosheets, and the graphene sheets are deformed after activation with ammonia. Moreover, unordered graphene sheets and a number of pores etched by ammonia can be found in the TEM images in Fig. S7c  and d . The Raman spectrum in Fig. S8a revealed that the characteristic G and 2D peaks of graphene were observed at 1588 cm −1 and 2670 cm −1 , respectively 12 . Meanwhile, the distinct D band suggests that N-3DG maintains a certain amount of defects, which are ascribed to the nitrogen doping and incomplete reduction during the high-temperature ammonia activation process. The XPS results further confirm the nitrogen doping and reduction effects, which are summarized in Fig. S8b, c, d and Table S1 . After the high-temperature ammonia treatment, the oxygen content in the 3D graphene structure dropped from 8.63 at% to 2.16 at%, and 3.33 at% nitrogen was doped into the graphene sheets. The high-resolution O 1 s spectrum can be resolved into three individual peaks corresponding to COOH (536.8 eV), C-O (533.8 eV) and C = O (531.9 eV) 28 . Similarly, in Fig. S8d , the N present can be classifying into pyridinic N at 398.1 eV, pyrrolic N at 399.3 eV, graphitic N at 400.9 eV and pyridinic N-O at 406 eV 29 , indicating that nitrogen was doped uniformly into both the edge and in-plane sites of graphene carbon atoms. Pyridinic N could be oxidized to pyridinic nitrogen during oxidation and thereby provide some redox pseudocapacitance 29 , and graphitic N may significantly improve the wettability with organic electrolyte, modify the polarity and electron distribution and thereby enhance the conductivity of the materials.
To investigate the pore structure of the as-prepared samples, N 2 adsorption/desorption was performed at 77 K. The adsorption/desorption isotherms and the corresponding PSD curves of N-3DG and 3DG are shown in Fig. 4a, b . We can see that both 3DG and N-3DG exhibit typical type IV isotherms with an H4 hysteresis loop. The uptake below P/P 0 = 0.01 was ascribed to adsorption by micropores, and the H4 hysteresis loop was caused by predominantly slit mesopores 30 . Thus, N-3DG, which possess a similar isotherm but higher uptake and larger hysteresis loop, has more micropores and mesopores than 3DG. Such conclusion was further confirmed by the PSD curves in Fig. 4b and the SSA information summarized in Table S1 . Both 3DG and N-3DG show a bimodal distribution, corresponding to micropores~1.5 nm in size and mesopores~4 nm in size. Such hierarchical porous structure can be advantageous in supercapacitor applications due to the large number of energy storage sites provided by the micropores and the high-speed ion transport paths provided by the mesopores. N-3DG exhibits a more developed pore structure and a nearly twice as large SSA of 513 m 2 g −1 than the 3DG sample (257 m 2 g
, indicating the activation effect of the ammonia treatment.
To investigate the EDLC performance of N-3DG, a symmetric supercapacitor was assembled with LiPF 6 -based organic electrolyte. The galvanostatic charge/discharge (GCD) curves of the N-3DG-based symmetric supercapacitor at different current densities are shown in Fig. 4c . All curves exhibit a highly linear shape, indicating the good EDLC behavior. In addition, as the current density increased from 0.1 A g −1 to 2 A g −1 , no obvious IR drop was observed, indicating the superior electronic conductance of the graphitic carbon sheets and the enhancement effect of in-plane nitrogen doping. The rate performances of the symmetric supercapacitors assembled from 3DG and N-3DG are shown in Fig. 4d . Due to the more abundant pore structure and nitrogen doping, hierarchical porous N-3DG exhibited a superior performance over 3DG. Specifically, the specific capacitance at 0.1 A g −1 rose from 114 F g −1 to 142 F g −1 after activation, which was mainly ascribed to the increase in micropores and inevitable pseudocapacitance contributed by the nitrogen and oxygen functional groups 29 . Moreover, the capacitance retention at a high current of 20 A g −1 was increased from 36% (41 F g −1 ) to 53% (75 F g
, which is associated with the increased ion transport paths due to the mesopores and the electronic conductance caused by nitrogen doping. Hence, the as-prepared N-3DG shows good EDLC performance and could be a promising positive electrode material for HSCs.
Hybrid supercapacitor based on the 3D-IEMoS 2 @G nanocomposite and N-3DG
A Li-HSC and Na-HSC were fabricated from asprepared N-3DG and 3D-IEMoS 2 @G in LiPF 6 or NaClO 4 -containing organic electrolyte. To optimize the voltage window of the HSC, the 3D-IEMoS 2 @G anode was prelithiated or presodiated in half cells terminating at potential of~0.5 V vs. Li/Li + or Na/Na + , and details of Furthermore, to satisfy the charge balance of the two electrodes (Q + = Q -, namely, m + q + = m − q − , where Q is the capacity, q is the specific capacity, and m is the mass of the active materials), the mass ratio of the active materials of N-3DG:3D-IEMoS2@G was carefully adjusted from 1:3 to 1:7 (Fig. S10 ) due to the huge specific capacity difference of the anode and cathode materials. When the mass ratios of the active materials of N-3DG:3D-IEMoS2@G were 1:5 and 1:6, the as-fabricated Li-HSC and Na-HSC exhibited optimum energy and power performance, respectively. Hence, these ratios were selected in this work, and all tests were performed under these optimum ratios.
The electrochemical performances of the N-3DG//3D-IEMoS 2 @G-based Li-HSC and Na-HSC are shown in Fig. 5 . Figure 5d , e shows the CV curves at various scan rates for Li-HSC and Na-HSC, respectively. Both curves show rectangular shapes at low scan rates, owing to the rapid ion diffusion and sufficient charge transfer resulting from the 3D-IEMoS 2 @G anode led by the interlayerexpanded structure and 3D graphene skeleton frame. However, as the scan rates increased, the CV curve of Li-HSC gradually deviated from the ideal rectangular shape, due to the poor rate performance of 3D-IEMoS2@G as the lithium-ion host anode. The CV curve of Na-HSC, by contrast, was not seriously distorted, which is ascribed to the excellent rate performance of 3D-IEMoS 2 @G in the SIB and the synergistic effect of the two electrodes. Meanwhile, the RC time constant (τ = RC)
31 was calculated to be 2.5 s for Li-HSC and 3.7 s for Na-HSC, which is comparable to that of carbon-based EDLCs (~1 s), further confirming the excellent power performance of the HSCs. Ragone plots (energy density vs. power density, calculated from the total mass of the two electrodes) of Li-HSC and Na-HSC are displayed in Fig. 5f . It can be visually observed that both hybrid devices show high energy densities of over 100 Wh kg −1 as well as high power densities of over 50,000 W kg −1 . Na-HSC exhibits an overall higher curve than Li-HSC, acquiring a high energy density of 140 Wh kg (charge finished within 1.5 s). The reason why the performance of the 3D-IEMoS 2 @G-based Na-HSC surpassed that of the Li-HSC may be ascribed to the superior rate performance of 3D-IEMoS 2 @G as a sodium-ion host anode, especially in the low-potential range. In addition, the quantitative contribution of the negative electrode in the HSC is evaluated in the kinetic analysis section. Figure 5g shows the cycle performance of the as-prepared hybrid devices. Because the interlayerexpanded structure allowed rapid ion diffusion and because of the conductive graphene network, the hybrid devices exhibited excellent cycle stability: Li-HSC maintains 97% of its capacitance after 10000 cycles, and furthermore, Na-HSC exhibits an outstanding capacitance retention rate of over 99% after 10,000 cycles. The Nyquist plots from the EIS of the 3D-IEMoS2@G electrode before and after cycling in Li-HSC and Na-HSC are shown in Fig. S11 . The plots show semicircles in the medium-frequency region ascribed to the charge transfer resistance (R ct ) and a line in the lowfrequency region corresponding to the ion diffusion resistance. The R ct of both Li-HSC and Na-HSC decreased obviously after cycling (drop from 546 Ω to 333 Ω for Li-HSC and from 684 Ω to 468 Ω for Na-HSC), indicating the structural stability of the electrode material over 10,000 cycles. Moreover, the 3D-IEMoS 2 @G negative electrodes in Li-HSC and Na-HSC were further observed by SEM and TEM after cycling, and the results are shown in Fig. S12 . It can be seen from the SEM images that both 3D-IEMoS 2 @G electrodes in Li-HSC and Na-HSC were covered with a SEI layer and the 3D structure of the graphene skeleton was well preserved without collapse after 10,000 cycles, which ensures fast ion diffusion and electron transport during the charge/discharge process. The HRTEM images in Fig. S12 e and f show that the lattice fringes of IEMoS 2 disappeared after cycling in both Li-HSC and Na-HSC, which reveal that MoS 2 inevitably transformed into the amorphous phase during cycling. However, the , was performed on the HSCs in this work (details in the ESM). The quantified capacitive and diffusion charge storage in the 3D-IEMoS 2 @G-based Li-HSC and Na-HSC are shown in Fig. S13 . Solid lines were drawn in the original CV plots at a scan rate of 2 mV s −1 , and the shaded area was calculated by k 1 v, representing the capacitive charge storage mechanism, which is mainly due to the N-3DG positive electrode charge storage process. The shaded areas of both samples are almost equal, while the percentage of such capacitive charge in Li-HSC (76.8%) is much higher than that in Na-HSC (60.7%). Namely, the performance gap between Li-HSC and Na-HSC is caused by the impact of the negative electrode in the HSC.
The contributions of capacitive and diffusion-controlled charge storage at different scan rates are summarized in Fig. 6a . In accordance with the trend in the Ragone plots, Na-HSC stores more charge than Li-HSC. The capacitive contributions, which is invariant with scan rate, of Li-HSC and Na-HSC are similar, while the diffusion-controlled charge storage in Na-HSC is much higher than that in Li-HSC, which is caused by the microstructure of the materials and system matching. When used as the host anode material, as-prepared 3D-IEMoS 2 @G can provide numerous active sites, allowing rapid charge transfer and ion diffusion for both Li + and Na + by virtue of its optimized interlayer-expanded nanostructure and 3D conductive network. Therefore, 3D-IEMoS 2 @G exhibits superior performance as the anode material in LIBs and SIBs. However, due to the more complex micropore intercalation reactions of lithium ions and the intrinsic reaction features, the 3D-IEMoS 2 @G-based LIB shows weak rate performance at potentials below 0.5 V, which restricts its impact in HSCs, resulting in the performance surpassing of Na-HSC. In conclusion, to fabricate a highperformance HSC, the positive material should maintain its optimized pore structure to obtain a sufficient number of adsorption sites and ion pathways. Meanwhile, the negative electrode should provide a highly effective charge transfer network and ion diffusion pathways to ensure sufficient rate performance at low potential. In addition selecting and optimizing the materials, which we do regularly, matching the components in the system is also a feasible method to meet such demands. For example, in this work, we successfully prepared a 3D interlayerexpanded MoS 2 /rGO composite, but its outstanding LIB anode performance could not be effectively utilized in hybrid devices. Hence, we replaced lithium ions with sodium ions, which led to fewer side reactions and better stability, and finally realized a 3D-IEMoS 2 @G-based Na-HSC with high energy density, ultrahigh power density and remarkable cycle stability. As shown in the plots in Fig. 6b, compared 34 , peanut-shell-derived nanosheets carbon//N-and O-functionalized carbon (Na + ) 35 , peanut-shell-derived carbon//Na 2 Ti 3 O 7 (Na + ) 36 , macroporous graphene//nanoporous disordered carbon (Na + ) 37 , AC// Na 2 Ti 3 O 7 (Na + ) 38 , and rGO nanocomposites//Nb 2 O 5 @carbon (Na + ) 23 , the system in this study shows great promise. 
Conclusion
In summary, a well-structured 3D interlayer-expanded MoS 2 /rGO nanocomposite was successfully synthesized, and it exhibited excellent performance as the anode in both LIBs and SIBs due to its characteristic interlayerexpanded structure. When coupled with N-3DG to fabricate an organic HSC, the 3D-IEMoS 2 @G-based Na-HSC showed high energy density (140 Wh kg −1 at 630 W kg −1 ), excellent cycling stability (over 99% capacitance retention after 10,000 cycles) and outstanding power density (43 Wh kg −1 at 103 kW kg −1
, discharge finished within 1.5 s), surpassing the Li-HSC with the same material system. Combining the electrochemical results of variable ions of Li + or Na + and the quantitative kinetics analysis of the CV curves, we conclude that matching the structure of the materials and ions, which could lead to the high performance of the anode at low potential, is a key issue to adequately exploit the synergistic effect of the two electrodes with different mechanisms and thereby fabricate high-performance HSCs.
